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ABSTRACT
The neural crest is a stem/progenitor cell population that contributes
to a wide variety of derivatives, including sensory and autonomic
ganglia, cartilage and bone of the face and pigment cells of the skin.
Unique to vertebrate embryos, it has served as an excellent model
system for the study of cell behavior and identity owing to its
multipotency, motility and ability to form a broad array of cell types.
Neural crest development is thought to be controlled by a suite of
transcriptional and epigenetic inputs arranged hierarchically in a gene
regulatory network. Here, we examine neural crest development from
a gene regulatory perspective and discuss how the underlying
genetic circuitry results in the features that define this unique cell
population.
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Introduction
The neural crest is a remarkable cell type, notable for its ability to
migrate extensively and differentiate into numerous derivatives
(Fig. 1A-E). An evolutionary innovation, the neural crest is thought
to have been crucial for the origin and diversification of vertebrates
(Gans and Northcutt, 1983). It has been a subject of great interest to
embryologists due to its far-reaching migratory ability and
developmental plasticity, and is sometimes referred to as the
‘fourth germ layer’ (Hall, 2000). Discovery of the neural crest
challenged important concepts pertaining to the development and
evolution of the vertebrate body plan, especially when it was
revealed that this ectodermal cell type could give rise to
mesenchymal derivatives (Hall, 1999). Furthermore, identification
of the neural crest demonstrated that the establishment of progenitor
fields during body part formation could include contributions from
cells incoming from distant locations.
Over the past century, much has been learned through
experimental embryology about neural crest cell plasticity and its
contribution to various derivatives (Le Douarin and Kalcheim,
1999). Transplantation experiments, first in amphibian embryos
(Horstadius, 1950) and later in birds using the now classic quail-
chick chimeras pioneered byLeDouarin (1973), have established the
pathways followed by neural crest cells and the extensive array of
derivatives to which they contribute (Fig. 1F). These studies have
made the neural crest one of the best-studied progenitor cell
populations of vertebrate embryos.
In this Review, we first provide a brief overview of neural crest
development (for further details, see Le Douarin, 1982; Sauka-
Spengler and Bronner-Fraser, 2008). We then describe the current
state of knowledge regarding connections within the neural crest
gene regulatory network (GRN), elaborating upon novel regulatory
interactions that have been characterized in the last few years. We
compile information obtained from several studies and model
organisms to sketch regulatory circuits controlling the different
steps of neural crest development using the BioTapestry platform
(Longabaugh et al., 2005, 2009) and discuss the importance of
epigenetic regulation in neural crest formation. Most interactions
presented in this version of the GRN were characterized in the
cranial neural crest, although we have also included information
from other axial levels when it is consistent with network topology.
In particular, we emphasize the data regarding direct interactions
obtained from cis-regulatory analysis, which allow in-depth
characterization of the circuitry within the network.
A brief overview of neural crest development
Neural crest cells are induced in the ectodermal germ layer during
gastrulation and initially reside in the neural plate border territory,
which is positioned at the lateral edges of the central nervous system
(Fig. 1B). During neurulation, this border territory elevates as the
neural plate closes to form the neural tube (Fig. 1C,D). As a
consequence, nascent neural crest cells come to reside within the
dorsal aspect of the apposing neural folds, initiating the expression of
neural crest genes, such as FoxD3 (Labosky and Kaestner, 1998) and
Sox10 (Southard-Smith et al., 1998), that reflect their specification as
bona fide neural crest cells. After neural tube closure/cavitation, they
subsequently leave the central nervous system via an epithelial-to-
mesenchymal transition (EMT) (Fig. 1D), resulting in their
transformation into a migratory and multipotent progenitor cell
population (Fig. 1E) that undergoes some of the most far-reaching
migrations of any embryonic cell type, often moving long distances
along highly stereotypic pathways.
Following migration, neural crest cells progressively differentiate
into distinct cell types according to environmental influences
encountered during their journey and at their final sites, where they
cooperate with other cell populations to form appropriate tissues and
organs (Bronner and LeDouarin, 2012). They generate a multitude
of derivatives as diverse as elements of the craniofacial skeleton,
sensory and autonomic ganglia of the peripheral nervous system,
and pigment cells of the skin (Le Douarin, 1982) (Fig. 1F). Thus,
vertebrate neural crest cells are defined by their origin at the neural
plate border, their ability to leave the neural tube via EMT and their
multipotency.
Cell lineage-tracing experiments have identified the derivatives
and pathways of migration of various neural crest populations (Le
Douarin, 1982). The regionalization of the body axis from anterior
to posterior is reflected by neural crest subpopulations that
contribute to some overlapping as well as axial level-specific
derivatives. For example, cranial neural crest cells form the facial
skeleton, including the upper and lower jaw and bones of the neck,
as well as the glia and some neurons of the cranial sensory ganglia
(Couly et al., 1998). Just below the head, vagal neural crest cells
populate the outflow tract of the heart and enteric ganglia of the gut
(Le Douarin and Teillet, 1973; Creazzo et al., 1998). The trunk
neural crest contributes to the dorsal root and sympathetic ganglia of
Division of Biology and Biological Engineering, California Institute of Technology,
Pasadena, CA 91125, USA.
*Author for correspondence (mbronner@caltech.edu)
242
© 2015. Published by The Company of Biologists Ltd | Development (2015) 142, 242-257 doi:10.1242/dev.105445
D
E
V
E
LO
P
M
E
N
T
the peripheral nervous system (Le Douarin and Smith, 1988),
migrating in a segmental pattern through the somites. However,
trunk crest normally lacks the ability to form cartilage/bone or
contribute to the cardiovascular system – as possessed by more
anterior populations (Le Lievre and Le Douarin, 1975; Le Lievre
et al., 1980). Pigment cells of the skin and peripheral glia arise from
neural crest cells at all axial levels (Le Douarin, 1982).
The neural crest gene regulatory network
Advances in molecular biology in the last two decades have greatly
elaborated our knowledge of the genetic control of different events in
neural crest development (Simoes-Costa and Bronner, 2013).
Numerous studies have resulted in the identification of many
transcription factors important for neural crest formation, as well as
some of the regulatory links between these regulators. The regulatory
information obtained from different vertebrate model organisms has
led to the concept of a neural crest GRN that underlies the process of
neural crest formation (Meulemans and Bronner-Fraser, 2002;
Betancur et al., 2010b) (Fig. 2). According to this model, the neural
plate border is established by the combined action of distinct signaling
pathways. The output of these signaling pathways, together with
transcription factors expressed at the neural plate border, then
establishes a novel regulatory state that sets apart presumptive neural
crest cells from the other ectodermal domains. This process, which is
known as neural crest specification, culminates in the expression of
bona fide neural crest markers such asFoxD3, Snai1/2 and Sox8/9/10.
Once the neural crest is specified, it undergoes radical gene regulatory
changes that enable these cells to engage in EMT and initiate
migratory behavior and diversification. In the following sections, we
discuss the GRN at each stage of neural crest development, from the
earliest specification through to the final differentiation of neural crest
derivatives.
Induction and formation of the neural plate border
Initiation of neural crest development occurs during gastrulation and
results in establishment of the neural plate border, which is a broad
territory between the future neural and epidermal domains. The
neural plate border contains a multi-progenitor cell population that
is capable of giving rise to neural crest cells (Meulemans and
Bronner-Fraser, 2002; Sauka-Spengler and Bronner-Fraser, 2008)
(Fig. 3A) as well as ectodermal placodes, epidermal cells, roof plate
cells and sensory neurons of the central nervous system (Groves and
LaBonne, 2014). Formation of the neural plate border is closely
linked to neural induction, presumably relying upon the same
signals. Although there are some differences between species in the
details of the neural crest induction process, a general model has
emerged from observations of frog, chick and zebrafish that appears
to hold true, at least broadly, across vertebrates.
Three important steps, as discussed in detail below, are involved.
First, signaling pathways are thought to drive the expression of a set
of genes known as neural plate border specifier genes. These genes
are initially expressed in broad domains that include portions of the
neural plate or prospective epidermis. Subsequently, a series of
positive regulatory interactions results in the establishment of a
robust domain comprising the overlapping expression of neural
plate border specifier genes (Fig. 3B). Finally, further refinement is
accomplished by inhibitory interactions between neural and non-
neural transcription factors, which sharpen the boundaries between
these territories and result in the emergence of a progenitor domain
endowed with a regulatory state that is distinct from those in either
the neural plate or non-neural ectoderm.
The first of these regulatory steps occurs during the process of
neural induction, when FGFs work in concert with BMP and WNT
inhibitors to activate the expression of neural genes such asErni,Otx2
and Sox1/3 (Fig. 3B) (Streit et al., 2000). WNT and BMP signals
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Fig. 1. The neural crest is a multipotent cell
population. (A) Schematic dorsal view of a ten-
somite stage chicken embryo, showing the neural
crest (green) in the vicinity of the midline. The
dotted lines delimit the embryonic region
represented in cross-section (B-E).
(B) Development of the neural crest begins at the
gastrula stage, with the specification of the neural
plate border at the edges of the neural plate.
(C) As the neural plate closes to form the neural
tube, the neural crest progenitors are specified in
the dorsal part of the neural folds. (D) After
specification, the neural crest cells undergo EMT
and delaminate from the neural tube.
(E) Migratory neural crest cells follow stereotypical
pathways to diverse destinations, where they will
give rise to distinct derivatives. (F) The neural
crest is multipotent and has the capacity to give
rise to diverse cell types, including cells of
mesenchymal, neuronal, secretory and
pigmented identity.
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originate in lateral regions of the embryo, while inhibitors of these
pathways are secreted from medial regions such as the neural plate
domain. A balance between these activating and inhibitory signals
generates amediolateral gradient ofWNTandBMPactivity (Fig. 3B),
such that the future neural plate border cells originate within a zone
exposed to intermediate levels of WNT and BMP activity (reviewed
by Groves and LaBonne, 2014). FGFs – secreted by the underlying
hypoblast in chick,mesoderm in frog, or lateral plate in zebrafish – and
Notch signaling may also participate in defining the neural plate
border (Endo et al., 2002; Monsoro-Burq et al., 2003; Yardley and
Garcia-Castro, 2012). Although the exact sources of these signals and
inhibitors varies somewhat between species, the overall picture is that
the combined action of these signaling events results in induction of
the neural plate border domain.
Although cis-regulatory studies of early neural plate border genes
are scarce, some of these interactions have been shown to be direct.
For instance,X. laevisGbx2 is directly activated by β-catenin through
a proximal enhancer 500 bp upstream of the transcription start site
(Li et al., 2009). Recent work by Garnett and colleagues (Garnett
et al., 2012) in zebrafish has shed light on how such signals are
interpreted by the cis-regulatory apparatus of neural plate border
genes. The authors show that expression of zic3 and pax3a (one of
the zebrafish Pax3/7 orthologs) depends on multiple enhancers that
respond differentially to BMP, WNT and FGFs. The concerted
activation of such regulatory elements results in robust endogenous
expression in a domain between the neural and non-neural ectoderm
(Garnett et al., 2012). It is important to highlight that expression of
the neural plate border genes is not uniform, as some of the specifier
genes are expressed in more medial domains, whereas others are
expressed more laterally. For instance, Zic1 is also expressed in the
neural plate and plays a role in neural induction (Marchal et al., 2009;
Aruga, 2004), whereas Tfap2a remains active in the prospective
epidermis (Luo et al., 2002, 2003; Li and Cornell, 2007). Such
asymmetries are likely to have important implications at subsequent
stages, when the neural plate border becomes segregated into the
premigratory neural crest and preplacodal domains. Consistent with
this, the relative expression levels of neural plate border specifier
genes influence the cell fates adopted by this progenitor population
(Hong and Saint-Jeannet, 2007).
Following reception of these intersecting signaling events, the
neural plate border cells turn on expression of a distinct new set of
transcription factors,whilemaintainingothers originally characteristic
of either neural plate or non-neural ectoderm. These genes, which are
termed neural plate border specifiers, are initially transcribed in the
early gastrula and include Tfap2,Msx1, Zic1, Gbx2, Pax3/7, Dlx5/6,
Gata2/3, Foxi1/2 andHairy2 (Meulemans and Bronner-Fraser, 2004;
Nichane et al., 2008; Khudyakov and Bronner-Fraser, 2009)
(Fig. 3B). Studies in multiple vertebrates have shown that, once
their expression commences in the neural plate border region, these
transcription factors engage in a series of mutual cross-regulatory
interactions that lead to the stabilization of this regulatory state
(Fig. 3C) and ensure their continued expression (Monsoro-Burq et al.,
2005; Sato et al., 2005; Nikitina et al., 2008; Bhat et al., 2013).
Owing to its slow development, the lamprey embryo has proven to
be a useful model for the identification of interactions between these
early genes at the neural plate border, and such studies also suggest
that this is an ancient circuit that is functionally conserved across
vertebrates. For instance, Nikitina and colleagues showed that Tfap2a
and Msx1 activate not only each other, but also Zic1 and Pax3/7
(Nikitina et al., 2008). Tfap2a seems to be a key activator of neural
plate border specifiers, also being required for the expression of Foxi
genes and gata2/3 in zebrafish (Bhat et al., 2013). The more lateral
neural plate border genes (Dlx5/6, Gata2/3 and Foxi1/3) also
positively regulate each other in multiple positive regulatory loops
(McLarren et al., 2003; Matsuo-Takasaki et al., 2005; Kwon et al.,
2010; reviewed by Grocott et al., 2012). Such interactions lock down
the regulatory state and allow for the maintenance of expression of
neural plate border specifiers, which are often retained in the
developing progenitors through later stages of development.
Finally, the boundary between the neural plate and the neural
plate border is sharpened by inhibitory interactions between neural
and non-neural transcription factors (Fig. 3B). For example,
misexpression of several of the neural plate border genes (Tfap2a,
Dlx5/6, Msx1, Foxi1/3) in the neural plate results in loss of the
neural specifiers Sox2/3, while knockdown of the same genes
causes expansion of the neural domain (Feledy et al., 1999; Luo
et al., 2001; Matsuo-Takasaki et al., 2005; Pieper et al., 2012).
Moreover, overexpression of Sox2/3 results in loss of neural crest
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Neural plate
border module
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diversification
circuits
Neurons
and glia
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Fig. 2. A GRN controls neural crest formation. Outline of the GRN
controlling neural crest development. Different inductive signals pattern the
embryonic ectoderm and induce the expression of neural plate border specifier
genes, which define the neural plate border territory. These genes engage in
mutual positive regulation and also drive neural crest specification by activating
the neural crest specifier genes. The neural crest specification program results
in the activation of the EMT machinery that allows the neural crest cells to
become migratory. The migratory neural crest cells express a set of regulators
that endow them with motility and the ability to initiate different differentiation
programs.
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and epidermal markers, suggesting that neural factors can also
repress neural plate border specifiers (Wakamatsu et al., 2004;
Rogers et al., 2009). Thus, the cis-regulatory interactions between
neural genes and neural plate border specifiers result in a sharp
boundary that will separate neural crest from central nervous system
progenitors (Fig. 3C).
Establishing neural crest identity: the neural crest specifier
genes
The emergence of the neural crest from the neural plate border is
marked by the expression of a suite of genes dubbed neural crest
specifiers. Their expression is driven by the concerted action of
more medial neural plate border specifiers and signaling pathways
that are active during the time of specification (Fig. 4). The neural
crest specifiers have key functions. They activate the EMT effector
program, which will allow the neural crest to delaminate from the
ectoderm and become a migratory cell type (as discussed further
below). Moreover, they also regulate each other positively to
stabilize this regulatory state, which results in the maintenance of a
number of specifier genes in the delaminating and migratory neural
crest. This is important, as the combination of these transcription
factors is thought to maintain the neural crest in an undifferentiated
state (Sauka-Spengler and Bronner-Fraser, 2008). In fact, the
plasticity and developmental potential of the neural crest is likely to
be encoded in the gene regulatory circuits that characterize this
population.
The first neural crest specifiers to be expressed in the nascent
neural crest in the chick are FoxD3, Ets1 and Snai1/2 (Khudyakov
and Bronner-Fraser, 2009). Neural crest expression of FoxD3 is
regulated by the neural plate border specifiers Pax3/7 and Msx1,
which directly bind to two regulatory regions that drive differential
expression in the cranial and trunk neural crest cells of the chick
A
Neural plate border BMPs
WNTs
NPB
specifiers
B  Induction of the neural plate border
C  Maintenance of the NPB specifier genes
Fig. 3. GRN module controlling the formation of the neural plate border. (A) The action of signaling systems such the BMP and WNT signaling pathways
results in activation of the neural plate border (NPB) genes in the margins of the neural plate. (B) In the neural ectoderm, FGF signaling drives neural induction
by activating proneural genes. In an intermediary territory located between the neural and non-neural ectoderm, WNTs and BMPs activate a number of
transcription factors dubbed neural plate border specifiers. Activity of WNTs and BMPs is hampered in the neural ectoderm by a number of inhibitory molecules
produced by these cells. (C)While SoxB1 genes (Sox2 andSox3) are expressed in the early neural plate, the neural plate specifier transcription factors engage in
mutual positive regulation, which stabilizes the neural plate border regulatory state. Direct interactions are indicated with solid lines, whereas dashed lines show
possible direct interactions inferred from gain- and loss-of-function studies.
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embryo (Simoes-Costa et al., 2012). Moreover, Pax3/7 and Msx1
are also required for the expression of Ets1 (Barembaum and
Bronner, 2013), highlighting their importance during the early steps
of neural crest specification. Similarly, Pax3/7 has also been shown
to cooperate with Zic1 to drive neural crest specification in frog
embryos (Bae et al., 2014; Plouhinec et al., 2014). In X. laevis, for
example, Zic1 together with Pax3/7 (Milet et al., 2013) bind directly
to the Snai1 and Snai2 promoters (Plouhinec et al., 2014). They also
directly regulate FoxD3 expression in the chick trunk neural crest
(Simoes-Costa et al., 2014). Furthermore, experiments in the
lamprey suggest that the requirement of Pax3/7, Msx1 and Zic1 in
neural crest specification is evolutionarily conserved, as the
knockdown of these three neural plate border specifiers results in
loss of both FoxD and SoxE1 expression (Sauka-Spengler et al.,
2007). Taken together, these results suggest that Pax3/7, Msx1 and
Zic1 are crucial genes for the acquisition of neural crest identity, and
directly activate a number of neural crest specifier genes in multiple
species (Fig. 4B).
Recently, genome-wide profiling of active enhancers in neural crest
cells obtained from human embryonic stem cells indicated that
TFAP2A acts as a general regulator of neural crest specifier genes, in
conjunction with the nuclear receptors NR2F1 and NR2F2 (Rada-
Iglesias et al., 2012). According to this study, occupation of neural
crest enhancers by these three regulators leads to the establishment of
permissive chromatin states, which are necessary for activating gene
expression. This is consistent with functional studies showing that
Tfap2a is required for neural crest specification in zebrafish, frog and
chick (Schorle et al., 1996; de Croze et al., 2011;Wang et al., 2011b),
as well as data demonstrating a role for Tfap2a during neural crest
specification that is independent from its earlier function in the
establishmentof the neural plate border (deCroze et al., 2011).Thus, it
is possible that Tfap2a acts as a pioneer transcription factor in the
process of neural specification, reorganizing chromatin conformation
to provide access of other transcriptional regulators to cis-regulatory
elements. According to this hypothesis, Tfap2a may allow other
neural plate border specifiers, such as Msx1, Pax3/7 and Zic1, to
access the enhancers that control the expression of the neural crest
specifier genes.
Concomitantly, the preplacodal region is established lateral to the
neural crest domain by the expression of the key placodal regulators
Six1, Eya1/2 and Irx1. These genes are activated by lateral neural
plate border specifiers (Foxi1/3, Gata2/3 and Dlx5/6) (Fig. 4),
which in turn regulate a number of transcription factors resulting in
specification of the ectodermal placodes (Grocott et al., 2012; Sato
et al., 2010). Similar to events observed at the neural/non-neural
border, neural crest and preplacodal genes engage in a number of
inhibitory interactions, which operate to molecularly segregate these
two populations. For instance, in X. laevis Pax3/7 andMsx1 repress
the transcription of Six1 (Sato et al., 2010), while Six1 and Eya1/2
repressMsx1, Pax3/7 and FoxD3 (McLarren et al., 2003; Brugmann
FoxD3
Sox10
Ets1
Six1
Eya1/2
Premigratory
neural crest
Zic1
Msx1
Pax3/7
FoxI1/3
Gata2/3
Dlx5/6
Preplacodal
region
A
B  Neural crest specification  
Fig. 4. Gene regulatory interactions controlling specification of the neural crest. (A) As the neural plate folds, the neural plate border specifier genes Zic1,
Msx1 and Pax3/7 activate the expression of neural crest specifier genes FoxD3, Sox10 and Ets1. Lateral to the neural crest cells, preplacodal cells express a
distinct set of transcription factors. (B) Expression of neural crest specifiers in the premigratory neural crest (NC) territory is mediated by regulators in the
medial regions of the neural plate border. The neighboring preplacodal region (PPR) is defined by expression of Six1 and Eye1/2, which identify the progenitor
field that will give rise to cranial placodes. SoxD and SoxB1 genes are expressed in the neural plate.
246
REVIEW Development (2015) 142, 242-257 doi:10.1242/dev.105445
D
E
V
E
LO
P
M
E
N
T
et al., 2004; Christophorou et al., 2009) in both chicken and frog.
Interestingly, although molecular markers suggest a clear division
between the neural crest and preplacodal domains, fate-mapping
experiments indicate that these two progenitor cell types are still
largely intermingled. Labeling of individual cells in the late neural
plate border reveals that individual progenitor cells can give rise to
both neural crest and ectodermal cells (Selleck and Bronner-Fraser,
1995), showing that, despite their expression of specifier genes, the
fate of these cells is not yet fixed.
Nevertheless, it is clear that the regulatory program of the neural
plate border cells operates to distinguish these cell types from its
onset: from the earliest stages, the key neural crest regulators are
more medially located relative to the placodal regulators, and
interactions between them might already be delineating the
segregation of neural crest and preplacodal domains. According to
this view, the mediolateral compartmentalization of the vertebrate
ectoderm would operate in a manner similar to the Drosophila gap
gene GRN (Jaeger, 2011): morphogens polarize and divide the
ectoderm into broad territories, activating genes that will engage in
multiple cross-regulatory interactions, resulting in the progressive
restriction and delimitation of territories of cells sharing similar
regulatory states.
The importance of Msx1, Pax7 and Zic1 in neural crest
formation is clear, but other genes expressed in the neural plate
border, such as Myb, Myc and Prdm1a (Bellmeyer et al., 2003;
Betancur et al., 2010b; Powell et al., 2013), have also been
implicated in neural crest specification. Furthermore, signaling
input seems to be important for the expression of neural crest
specifier genes. Inhibition of WNT signaling after neural plate
border specification results in loss of expression of Snai2 and
FoxD3 (Garcia-Castro et al., 2002) in chick embryos, while WNTs
have been shown to act in concert with Zic1 and Pax3 to drive
neural crest specification in the frog (Sato et al., 2005). This raises
the interesting possibility that WNTs could act as permissive
factors in neural crest specification. However, cis-regulatory
analysis has failed to uncover many direct TCF/LEF binding
sites that are crucial for neural crest specifier expression (Betancur
et al., 2010b; Barembaum and Bronner, 2013; Simoes-Costa and
Bronner, 2013). The exception seems to be Snai2, which has a
proximal enhancer that is directly activated by TCF/LEF and β-
catenin (Vallin et al., 2001). Thus, although WNTs are thought to
play an important role in neural crest specification, the direct
underlying mechanism of how this is mediated remains unclear.
An intriguing possibility is that factors downstream of signaling
systems cooperate with transcription factors at the neural plate
border to mediate neural crest specification.
Much like the neural plate border specifier genes, the neural
crest specifier genes positively cross-regulate each other. Such
interactions are difficult to parse out given that they take place in
a short period of time as the cells quickly transition to the next
regulatory state (Nikitina et al., 2008). A few examples of direct
regulatory interactions between neural crest specifier genes
include the cranial-specific control of FoxD3 by Ets1 (Simoes-
Costa et al., 2012). Nevertheless, it is clear that positive
regulatory loops result in the consolidation of the neural crest
specifier regulatory state. For instance, in the frog, Snai1/2 seems
to positively regulate Twist, FoxD3 and Sox9 (Aybar et al., 2003),
while Foxd3 promotes Sox10 expression in mouse (Dottori et al.,
2001). Sox10, on the other hand, has been shown to activate
Snai2 and itself (Honoré et al., 2003), while Sox8 is important for
the expression of other SoxE genes in the same model in the frog
(O’Donnell et al., 2006). Characterization of more direct
interactions in multiple species will be necessary to delineate
the hierarchy and logic controlling the expression of these
transcription factors.
The process of neural crest specification results in a discrete cell
population, located between the neural plate and the preplacodal
region, that shares a common regulatory state. At these stages, the
premigratory neural crest expresses the full suite of specifier genes
(including FoxD3, Snai2, Ets1, Sox8/9/10 and Pax3/7) as well as
some of the border genes whose expression is maintained (Tfap2,
Msx1, Zic1). This new regulatory state initiates drastic structural
changes at a cellular level that result in delamination from the neural
tube via EMT.
Transcriptional control of the neural crest EMT program
After the neural crest cells are specified, they delaminate from the
neural tube to commence migration (Fig. 5A). Interestingly, the
same transcriptional regulators that establish neural crest identity are
also part of the molecular machinery that drives EMT, indicating
that neural crest cell identity and behavior are, at least in part,
interlinked. EMT is a complicated process, as the structural
remodeling that takes place in the premigratory neural crest
involves the precise control of hundreds of effector genes.
Furthermore, signaling pathways such as WNT signaling are also
thought to be involved in EMT, especially through transcriptional
and post-transcriptional regulation of Snai1/2 (Vallin et al., 2001;
Yook et al., 2006). Most of the work on neural crest EMT has
focused on the adhesive changes that enable cells to delaminate.
These studies indicate that a major driver of EMT is the direct
repression by neural crest specifier genes of structural genes
involved in maintenance of the epithelial state (Fig. 5B).
The process of EMT involves cell surface changes that result in
the dissolution of adherens junctions, allowing the segregation of
the premigratory neural crest into individual cells. Transcriptional
regulation of cadherins is thought to be central to this process.
Studies in chick have shown that delamination of the cranial
neural crest requires a switch between type 1 cadherins [such as
cadherin 1 (Ecad) and cadherin 2 (Ncad)] and type 2 cadherins
(Cad7 and Cad11). Since type 1 cadherins mediate stronger cell-
cell interactions and thus are important for epithelial stabilization,
they must be downregulated and replaced by type 2 cadherins
in migratory cells. Although cadherins are modulated upon EMT
in all model organisms, there are important species-specific
differences in terms of which cadherins are used. For instance,
Ncad remains essential for cranial neural crest delamination and
migration in the frog (Vallin et al., 1998; Kashef et al., 2009).
A number of neural crest specifier genes are thought to
participate in regulating cadherins during EMT. For example,
Sox10 seems to repress Ncad in chick migratory cells (Cheung
et al., 2005). Furthermore, overexpression of FoxD3 results in
downregulation of Ncad and upregulation of Cad7 (Dottori et al.,
2001; Cheung et al., 2005) in chicken embryos, although it is not
yet clear if these interactions are direct. FoxD3 is also involved in
the repression of Tspan18, a transmembrane protein that
promotes cadherin-dependent cell adhesion and prevents neural
crest delamination (Fairchild and Gammill, 2013). Control of
cadherin availability also relies on other means of regulation. For
instance, the levels of Ncad associated with the neural crest cell
membrane are tightly regulated by protein internalization
mediated by lysophosphatidic acid (LPA) receptor 2. Activation
of the LPA pathway reduces membrane Ncad, increasing tissue
fluidity and allowing cells to engage in collective cell migration
(Kuriyama et al., 2014).
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Since its discovery, Snai1/2 has been linked to EMT in many
systems, from cancer cell lines to gastrulating embryos (Nieto et al.,
1994; Blanco et al., 2007). In the neural crest, Snai1/2 functions as a
transcriptional repressor and plays an important role in the
downregulation of the type 1 cadherins during EMT. It has an
important role inNcad repression, where it cooperates with Lmo4 to
inhibit transcription in both the neural crest and in cancer cells
(Ferronha et al., 2013). Importantly, Snai1/2 also represses Cad6b
(Taneyhill et al., 2007), a classical type 2 cadherin that needs to be
downregulated for neural crest delamination to occur (Coles et al.,
2007). This is accomplished through direct interaction with a pair of
E-box sites located in the vicinity of the Kozak consensus sequence.
An important partner of Snai1/2 during the process of EMT is the
transcription factor Sox9, which when phosphorylated physically
interacts with Snai1/2 to drive EMT (Cheung and Briscoe, 2003;
Liu et al., 2013b).
The two steps of EMT, namely delamination and cell dispersion,
seem to be partially uncoupled in neural crest development. In X.
laevis, cranial crest cells detach from the neural tube as a group and
will only become truly mesenchymal at later stages when they
commence migration (Theveneau et al., 2010). The dissociation of
neural crest cells is mediated in part by Twist, which represses Ecad
in the delaminating cells. Knockdown of Twist and its regulator
Hif1α result in upregulation of Ecad and inhibition of cell dispersion
(Barriga et al., 2013). In contrast to the frog, Twist is not expressed
in the neural crest of amniotes during premigratory or migratory
stages, and effects of Twist knockout on early neural crest
development appear to be secondary to mesodermal effects (Chen
and Behringer, 1995). This suggests that other transcriptional
regulators may exist in amniotes to help mediate EMT.
One such factor appears to be the transcriptional regulator Zeb2
(also known as Sip1), which like Snai1/2 appears to act as a
repressor. In chick, knockdown of Zeb2 results in maintenance of
Ecad, which is normally repressed in migratory neural crest cells.
This misregulation of Ecad does not prevent delamination from the
neural tube but rather results in aggregates of adherent neural crest
cells in the vicinity of the neural tube (Rogers et al., 2013). Thus,
while repression of Cad6b is required for loss of adhesion between
the neural crest population and the neural tube, Ecad mediates cell-
cell adhesion between the neural crest cells themselves, and its
repression, driven by Twist and/or Zeb2, is necessary for neural
crest dissociation. Taken together, these findings suggest that neural
crest EMT is a two-step process, with the first resulting in neural
crest delamination from the neural tube, and the second involving
their acquisition of mesenchymal properties and migratory
morphology. The delamination process appears to involve
repression of Cad6b by Snai2, which allows neural crest cells to
leave the neural tube. The cell dispersion step involves repression of
Ecad by Zeb2 and/or Twist, which allows separation of the neural
crest into individual migratory cells.
In addition to the modulation of adhesion, other structural changes
are necessary to allow for delamination and dispersion of the
migratory cells. These include degradation of the basementmembrane
by metalloproteases, favoring cell invasion (Theveneau and Mayor,
2011). Evidence for the transcriptional control of these events is
scarce, although Zeb2 and Snai1/2 are likely regulators of ADAM
proteins and matrix metalloproteinases in the neural crest, given their
well-established roles in basement membrane degradation in other
contexts (Joseph et al., 2009). Furthermore, changes in cytoskeletal
organization, which involve the polymerization of actin into
microfilaments and their attachment to the cell membrane, are
fundamental to cell dispersion (Yilmaz and Christofori, 2009). These
events might be mediated partly by RhoGTPases, which have an
important role in controlling actin dynamics (Liu and Jessell, 1998; Sit
and Manser, 2011) and thus are likely to be involved in the cell shape
changes necessary for EMT. RhoB is strongly expressed in the neural
crest in chick, and it seems to be transcriptionally activated by Sox5, a
member of the SoxD family that is also required for expression of the
neural crest specifiers Snai1/2, FoxD3 and Sox10 (Perez-Alcala et al.,
2004). Although there has been some controversy as to the role of
RhoGTPases in EMT (Fort and Theveneau, 2014), they seem to be
essential for neural crest cell detachment (Clay and Halloran, 2013)
A
Snai1/2
FoxD3
Sip1
B  EMT
Fig. 5. Regulatory module responsible for
neural crest EMT. Activity of Snai1/2, FoxD3,
Twist and Zeb2 (Sip1) mediate changes in cell-cell
interaction that allow for delamination and
dispersion of neural crest cells (NCC). Repression
of the epithelial cadherins Ncad, Ecad and Cad6b
and activation of the type 2 cadherins Cad11 and
Cad7 allow for changes in cell adhesion and EMT.
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and might also impact neural crest specification by modulating the
expression of neural crest genes (Guemar et al., 2007). Additional
studies are necessary to elucidate how the regulatory machinery
involved in specification orchestrates cytoskeletal reorganization as
neural crest cells leave the neural tube and acquiremigratory behavior.
Regulatory interactions in the migratory neural crest
After delamination, migrating neural crest cells assume a novel
regulatory state, expressing a number of transcription factors
important for cell migration and for initiating the differentiation
programs that will lead to distinct derivatives (Fig. 6A). The
expression of several neural crest specifier genes, such as FoxD3,
Ets1 and Sox8/9/10, is retained in some or all migratory cells
(Khudyakov and Bronner-Fraser, 2009; Betancur et al., 2010a).
However, cis-regulatory analysis reveals important differences
between the GRNs of the premigratory and migratory states. For
instance, FoxD3 expression in the premigratory cranial neural crest
is controlled by an early enhancer, NC1, which initiates FoxD3
expression in the newly closed cranial neural tube but quickly shuts
down as cells delaminate (Simoes-Costa et al., 2012). Maintenance
of FoxD3 expression in migratory cells is accomplished by the
activation of a different enhancer (NC2) (Simoes-Costa et al., 2012)
that requires distinct regulatory inputs. Thus, even though
premigratory and migratory cells share a number of transcription
factors, the programs underlying the expression of the same
regulator can vary greatly as a function of time.
Migratory neural crest cells are complex from a regulatory
viewpoint, as they are constantly exposed to different environmental
signals and are also starting to differentiate into diverse derivatives.
Surprisingly, only a few transcriptional regulators had been
identified within the migratory neural crest regulatory hub, largely
due to the fact that these cells intermingle with other cell types,
making them difficult to isolate and characterize as a pure cell
population. Recent transcriptome analysis of pure populations of
Sox10+ migratory neural crest cells from chick (Simoes-Costa et al.,
2014) has greatly expanded this dataset. This study identified ∼50
transcriptional regulators that are enriched in the migratory cranial
neural crest when compared with the whole embryo (Simoes-Costa
et al., 2014). This dataset provides a valuable resource, although the
role of individual genes and how they fit in the neural crest GRN
remains to be established.
Cis-regulatory analysis of genes within the neural crest migratory
regulatory module suggests that the expression of these transcription
factors is regulated by the neural crest specifier genes (Fig. 6B). For
example, detailed analysis of the Sox10 genomic locus in chick
revealed that its expression in the migratory neural crest is mediated
by one of two enhancers, Sox10E2 and Sox10E1, which are active in
the cranial and trunk crest, respectively. The cranial Sox10E2
enhancer is directly regulated by the neural crest specifier genesMyb,
Ets1 and Sox9, which are sufficient to drive enhancer activity in naive
ectoderm (Betancur et al., 2010b). These results are consistent with
recent results that place Ets1 and Sox9 as crucial regulators of the
migratory module of the cranial neural crest GRN. Knockdown of
these transcription factors in chick embryos results in loss of several
genes that are normally expressed by the cranial migratory crest,
including Lmo4, RxrG and Ltk (Simoes-Costa et al., 2014).
Remarkably, Ets1 seems to be a crucial regulator in the
establishment of neural crest cephalic identity by mediating en
NC
specifiers
A
Migratory 
neural crest
SoxE
Snai1/2
Lmo4
B  Neural crest migration
Fig. 6. Neural crest specifiers drive the transition to themigratory neural crest regulatory state. (A) Action of neural crest specifiers transforms the identity of
the neural crest as it becomes a migratory cell population. (B) Neural crest specifiers (including Sox9, cMyb and Ets1) cooperate to drive the expression of genes
that are strongly upregulated in the migratory neural crest, such as Sox10. This transcription factor positively regulates itself, which results in maintenance of
Sox10 expression as the neural crest cells migrate throughout the embryo to give rise to different derivatives.
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masse delamination from the neural tube, resulting in the wave-like
migration pattern observed in the cranial neural crest (Theveneau
et al., 2007).
Cis-regulatory analysis of Sox10 in the mouse revealed that
multiple enhancers, with semi-overlapping activity domains, seem
to mediate the expression of this gene. These regulatory regions are
controlled by Pax3/7, Tfap2a, Sox and LEF/TCF transcription
factors (Werner et al., 2007). Furthermore, Sox10 was shown to
directly regulate itself, consistent with its continuous expression in
the migratory neural crest. This positive self-regulatory loop relies
on synergistic activity with Tfap2a and FoxD3 (Wahlbuhl et al.,
2012). That FoxD3 acts as a direct regulator of Sox10 in migratory
cells is supported by another study that identified an intronic
enhancer in the zebrafish sox10 locus, which contains FoxD3, Sox
and LEF/TCF binding sites (Dutton et al., 2008). Sox9, another
SoxE gene that is maintained throughout neural crest migration,
has also been shown to directly activate its own transcription
through a distant upstream enhancer in the mouse (Mead et al.,
2013). Thus, positive self-regulation is a common feature of genes
that are continuously expressed by the migratory neural crest.
Extensive cis-regulatory studies of other migratory neural crest
regulators will be necessary to clarify how the regulatory state of
the neural crest cells evolves during migration and how it is
influenced by external cues.
As expected, a number of signaling systems are involved in the
guidance of neural crest migration and the establishment of the correct
migratory pathways (Takahashi et al., 2013). There is scarce
information on how these signaling molecules and receptors are
controlled by the migratory neural crest GRN. Nevertheless, Sox10
seems toplayacrucial role andhas, forexample, been shown to regulate
the expression of neuregulin receptor Erbb3 (Britsch et al., 2001)
through an intronic enhancer that is active inmigratory neural crest cells
(Prasad et al., 2011). Sox transcription factors have also been shown to
regulate Robo receptors in other contexts (Samant et al., 2011).
However, it is not yet clear how these signaling systems implicated in
neural crest migration are controlled at the transcriptional level.
From a multipotent neural crest cell to distinct derivatives
As neural crest cells migrate and colonize different parts of the
embryo, they transition from migratory streams to aggregates of
cells within complex structures, often undergoing a process that is
the reciprocal of EMT, termed mesenchymal-to-epithelial
transition (MET). They then contribute to neurons and glia of
peripheral ganglia, cartilage condensations and many organs. This
process is mediated by a gene regulatory program that
compartmentalizes the neural crest progenitors into territories
with distinct regulatory states. This has been beautifully illustrated
by the profiling of craniofacial enhancers as performed by
Attanasio and colleagues (Attanasio et al., 2013). In this study
the authors identified more than 100 enhancers that are active in
the neural crest-derived craniofacial skeleton, in remarkably
diverse activity domains. Functional analysis through enhancer
manipulation indicates that variation in craniofacial morphology,
as well as craniofacial malformations, depend upon combined
enhancer activity (Attanasio et al., 2013). Understanding how such
regulatory complexity unfolds from the programs of neural crest
specification andmigration is a major challenge confronting neural
crest biologists in years to come.
The process of neural crest diversification initiates with the
activation of differentiation circuits in subpopulations of migratory
cells. These circuits are centered around transcription factors
expressed by the neural crest that activate lineage-specific gene
batteries. Diversification into different derivatives depends upon the
interplay between the regulatory state of the migratory neural crest
cells and environmental cues, often conveyed by various signaling
systems. Such environmental signals, particularly interactions with
other tissues, are key players in determining the fate of the migratory
cells (Takahashi et al., 2013). Here, we describe a subset of conserved
regulatory circuits involved in neural crest cell differentiation,
focusing on chondrocytes, melanocytes and neuronal cell types as
examples (Fig. 7).
Chondrocytes
The cranial neural crest has a crucial role in establishment of the
craniofacial skeleton, giving rise to the quadrate, Meckel’s cartilage
and surrounding membrane bones, cartilage of the tongue, and the
membrane bones of the jaw and skull (Noden, 1983; Couly et al.,
1996, 1998). As a consequence, this cell population is of
exceptional medical importance, being affected in a large
percentage of birth defects (Hall, 1999). Development of the
craniofacial skeleton is a complicated process that involves multiple
cell types and different kinds of ossification (Wilkie and Morriss-
Kay, 2001). An important genetic circuit that mediates the
differentiation of neural crest cells into chondrocytes revolves
around the transcription factor Sox9, which is a direct regulator of
several genes that are crucial for chondrocytic differentiation.
Inactivation of Sox9 in the neural crest lineage results in severe
craniofacial defects in mice (Mori-Akiyama et al., 2003). Sox9 is
thought to cooperate with SoxD genes to activate downstream
targets such as Col2a1 and Agc1 (also known as Acan). In the
migratory cranial neural crest, Sox9 is regulated by WNT signaling
and also has strong autoregulatory activity (Bagheri-Fam et al.,
2006; Mead et al., 2013) (Fig. 7B).
Transcriptional control of Agc1, a marker for cartilage
differentiation, illustrates how cartilage genes are regulated. In
mice, an enhancer located 10 kb upstream of the transcription start
site mediates reporter expression that recapitulates endogenous
Agc1 expression. Sox9 binds to a critical site in this enhancer, but
only in the presence of Sox5/6. These SoxC factors interact with
three accessory binding sites that enhance expression of the
reporter (Han and Lefebvre, 2008). A similar mode of regulation,
relying on direct activation by Sox9 and SoxD genes, was observed
for Col2a1 in mice (Bell et al., 1997; Lefebvre et al., 1998). Sox9-
dependent activation of chondrogenic genes relies on recruitment
of the histone acetyltransferase CBP/p300 (Tsuda et al., 2003),
which is mediated by Smad3; this illustrates how the TGFβ
pathway may function as a permissive signal during cartilage
formation (Furumatsu et al., 2005). Both Sox9 and SoxD genes are
also crucial for the survival of neural crest derivatives, as their loss
causes massive apoptosis of these cells in chicken and mice
(Cheung et al., 2005; Bhattaram et al., 2010). In soft tissues of the
face, such as the tongue, Sox9must be shut down in order to prevent
cartilage formation. The transcription factor Osr1 mediates this
repression by directly binding to the Sox9 promoter (Liu et al.,
2013a), and its loss results in the formation of ectopic cartilage in
the mouse tongue.WhereasOsr1 is expressed in the mouse tongue,
it is absent from bird tongues; interestingly, the latter contain
cartilaginous tissue. This illustrates how changes in the regulatory
inputs of a gene could result in morphological changes during
evolution (Liu et al., 2013a).
Melanocytes
Neural crest differentiation into melanocytes relies upon the action of
transcription factors Sox10 and Pax3/7 as well as signaling systems
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such as WNTs, endothelins and Kit signaling. The process of
melanogenesis is centered around the transcription factor Mitf, a
specification marker of the melanocytic lineage (Hou and Pavan,
2008) (Fig. 7C). Sox10 drives melanocyte specification by directly
activatingMitf (Lee et al., 2000; Potterf et al., 2000; Verastegui et al.,
2000) in mouse and human cell lines. Mitf in turn acts as a driver of
terminal differentiation factors, activating several enzymes
responsible for melanin synthesis in pigmented cells, such as those
encoded by Dct, Tyr and Si (also known as Pmel) in the mouse
(Murisier et al., 2007), as well as factors important for melanocyte
survival and proliferation. In this context, Sox10 andMitf operate in a
feed-forward circuit. First, Sox10 directly activatesMitf, and then both
genes cooperate todrive expression ofmelanogenic enzymes (Ludwig
et al., 2004). Mitf regulation involves other transcriptional inputs,
including the transcription factor Pax3/7, which cooperates with
SOX10 to promote gene expression (Watanabe et al., 1998) in human
cell lines. β-catenin/TCF is also important for MITF self-activation
through a feedback loop in human cell lines, highlighting the role of
WNT signaling during this process (Saito et al., 2002). Interestingly,
FoxD3 inhibits Mitf expression, acting as a transcriptional switch to
veer progenitors towards other cell fates (Curran et al., 2010). An
interesting topic for future study will be the analysis of how activation
of the melanocytic differentiation networks is restricted to particular
subsets of neural crest cells.
Another example of a feed-forward loop involves Sox10 and
Mef2c. Mef2c knockout mice exhibit pigmentation defects at birth,
with drastic reductions in the number of melanocytes in the skin.
These animals also show loss of expression of Mitf and Dct. Mef2c
is directly activated by Sox10, and subsequently cooperates with the
latter to activate itself and possibly other targets (Agarwal et al.,
2011). Data from amniotes suggest that melanocyte specification
and differentiation mostly rely upon feed-forward transcriptional
circuits involving Sox10 and other transcription factors expressed in
precursor cells, resulting in the robust activation of melanogenic
enzymes. However, recent analysis of this circuit in zebrafish
suggests an alternative possibility, in which sox10 instead
negatively influences the expression of melanogenic enzymes.
According to this study, Mitf represses sox10 by cooperating with
HDACs, allowing for melanocytic differentiation (Greenhill et al.,
2011). Such discrepancies in results obtained from mouse versus
zebrafish studies might reflect species-specific mechanisms
underlying the regulation of melanogenesis in these organisms
(Hou et al., 2006).
Neuronal lineages
Similar to melanocytes, differentiation of the neural crest into
neuronal and glial lineages relies upon Sox10 control of gene
expression. Signaling pathways influence progenitor cells with
Fig. 7. Subcircuits controlling neural crest diversification. (A) Neural crest cells give rise to distinct derivatives depending on their migratory pathways
and external cues. (B) Differentiation of neural crest to chondrocytes depends on the activity of Sox9 and Sox5/6, which cooperate with TGFβ signaling to directly
activate the cartilage differentiation genesCol2a1 andAgc1. (C) Differentiation tomelanocytes is centered on a Sox10-Mitf feed-forward loop. These transcription
factors cooperate to directly activate Dct, Tyr and Si, which encode melanogenic enzymes. (D) BMP signaling drives the differentiation of neural crest cells
to sympathetic neurons through activation of Ascl1 and Phox2b, which in turn activate a circuit controlling differentiation genes such as tyrosine hydroxylase (Th)
and dopamine β-hydroxylase (Dbh).
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respect to the cell type to which they contribute. For instance,
neuregulin signaling biases neural crest progenitors to adopt a
peripheral glial fate, whereas BMPs promote neuronal
differentiation (Stemple and Anderson, 1993). Sympathetic
neurons are specified by BMP signaling secreted by the dorsal
aorta (Saito et al., 2012), which cooperates with Sox10 to activate
expression of the sympathetic neuron specifier genes Phox2b and
Ascl1 (Morikawa et al., 2009) (Fig. 7D and Fig. 8). These
transcription factors activate downstream targets, such as Gata3,
Insm1 and Hand2, which mediate cell cycle control, maintenance
of survival and differentiation in sympathetic neurons (Rohrer,
2011). Most of these data derive from genetic analyses of
knockout mice, and little is known about molecular mechanisms
in this context. However, Tfap2a has been shown to directly
regulate tyrosine hydroxylase and dopamine β-hydroxylase and is
thus a likely player in the differentiation of these cells (Kim et al.,
2001). Further diversification of sympathetic neurons relies on the
transcription factor Hmx1, which drives differentiation towards a
noradrenergic sympathetic fate. This regulator is repressed in
cholinergic neurons by Trkc (also known as Ntrk3) and Ret
(Furlan et al., 2013).
The above examples of diversification circuits by no means
represent an exhaustive survey. In addition to melanocytes,
cartilage and sympathetic ganglia, neural crest cells form many
other derivatives, including sensory neurons, Schwann cells,
adipocytes and smooth muscle cells. Generally, neural crest
diversification depends upon the interplay of the cell-intrinsic
transcriptional machinery and its interpretation of environmental
cues conveyed by distinct signaling pathways. In this regard, SoxE
genes play a crucial role upstream of many neural crest cell
lineages, either by directly driving differentiation (e.g. as in the
case of Sox9 in chondrocyte differentiation) or by regulating the
drivers that activate differentiation gene batteries. Furthermore,
other early neural crest GRN components (Tfap2, Pax3/7 and
Sox5/6) also participate later in the process of neural crest
diversification, highlighting that the neural crest transcriptional
machinery can be repurposed, such that factors that act in the
maintenance of pluripotency can be subsequently deployed in
differentiation programs.
Epigenetic regulation in neural crest formation
Although we have focused on the role of transcription factors in the
program underlying neural crest development, it has become
increasingly clear that this process contains additional layers of
regulatory complexity. For example, transcription factors often
work in conjunction with chromatin modifiers to activate or repress
gene expression (Wang et al., 2011a; Strobl-Mazzulla and Bronner,
2012). Similarly, gene expression can be modulated by post-
transcriptional regulation mediated by RNA-binding proteins and
small regulatory RNAs, as well as post-translational modifications of
transcription factors themselves by phosphorylation, sumoylation,
and other changes that modify binding efficacy and stability (Taylor
and LaBonne, 2007). As discussed below, DNA and histone
modifications have been shown to play particularly important roles
in both neural crest specification and EMT.
DNA methylation marks, which are conferred upon the promoter
regions of genes by DNA methyltransferases (DNMTs), play an
important role in silencing genes and thus operate to restrict fate
choices during development (Okano et al., 1999; Smith and
Meissner, 2013). In the neural crest, DNMTs have been shown to be
important in the segregation of the neural crest from neural lineages.
Dnmt3a, which is expressed in the neural plate border, directly
represses expression of the neural genes Sox2/3 bymethylating CpG
islands in the neural crest progenitor territory. Knockdown of
Dnmt3a results in the expansion of the neural plate and loss of
neural crest specification (Hu et al., 2012). Although it is not clear
how Dnmt3a is recruited to the promoter region of Sox2/3 in the
dorsal neural tube, an intriguing possibility is that it may be
recruited by transcription factors expressed in the neural crest
progenitor region. The role of its paralog Dnmt3b is less clear.
Mutations in DNMT3B seem to be linked to human craniofacial
defects present in carriers of the ICF syndrome (Jin et al., 2008), and
there is evidence for a role of this regulator in craniofacial
development in zebrafish (Rai et al., 2010). However, conditional
knockout of Dnmt3b in the mouse neural crest does not cause an
obvious neural crest-related phenotype (Jacques-Fricke et al., 2012).
Thus, there might be species-specific differences in the function of
the enzyme.
Histone methylation affects gene regulation by defining
repressive or active transcriptional states. Methylation marks are
attached to the histones of the nucleosomes by methyltransferases
and are removed by demethylases (Dambacher et al., 2010).
Interestingly, removal of repressive methylation marks is necessary
for the neural crest specification program. This is accomplished by
the histone demethylase Kdm4a (Jmjd2a), which clears these marks
from the Sox10 and Snai2 promoters (Strobl-Mazzulla and Bronner,
2012). At later stages of neural crest development, the histone
demethylase Phf8 acts in a similar manner, and demethylates
promoters of genes important for craniofacial development
(Qi et al., 2010).
A different type of histone modification results from lysine
acetylation, which is associated with active transcriptional states
(Haberland et al., 2009b), and has been useful for investigating
gene regulation in the neural crest (Rada-Iglesias et al., 2012).
During EMT, it is well known that Snail proteins directly repress
cadherins. In neural crest cells, the target of Snai2 is Cad6b, whose
repression is mediated by recruitment of the histone deacetylase
(HDAC) repressive complex to the Cad6b promoter, which occurs
via interactions between Snai2, Sin3a and the adaptor protein
Phd12 (also known as Phf12 or Pf1) (Strobl-Mazzulla and
Bronner, 2012). HDACs are also expressed in the migratory
neural crest (Simoes-Costa et al., 2014) and are involved in the
diversification of derivatives. For example, HDACs act in the
repression of foxd3 during melanophore specification in zebrafish
(Ignatius et al., 2008) and have been shown to play important roles
in the development of peripheral glia (Jacob et al., 2014) and
ectomesenchymal derivatives (Haberland et al., 2009a) in the
mouse.
These examples demonstrate that epigenetic modifications are an
integral part of the gene regulatory machinery, playing a crucial role
in modulating gene expression. Like other progenitor cell
populations, the neural crest is likely to undergo global chromatin
remodeling as it is specified and differentiates to different
derivatives (Chen and Dent, 2014). However, the enzymes that
catalyze either addition or removal of epigenetic marks are, for the
most part, unable to interpret the genomic code. As a consequence,
the epigenetic machinery depends upon the transcription factors of
the GRN to find their destination in the genome and correctly mark
their target sequences. Indeed, studies have shown that epigenetic
repressive complexes are recruited to cis-regulatory regions and
promoters by transcription factors (Ropero and Esteller, 2007;
Wang et al., 2011a; Tam and Weinberg, 2013). Thus, rather than
acting independently, these additional layers of regulation are
intrinsically linked to the neural crest GRN.
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Fig. 8. The GRN controlling neural crest development. Regulatory information obtained from different vertebrate model organisms has been assembled to
produce aGRN that controls the formation and diversification of the neural crest. Direct interactions, supported by cis-regulatory analysis, are represented by solid
lines, whereas dashed lines indicate interactions inferred from gene perturbation analysis.
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Conclusions
The data presented here knit together our current knowledge of the
neural crest program, from early establishment of the neural plate
border to diversification into varied derivatives. The neural crest
GRN is a feed-forward self-assembly ‘machine’ that combines
positive transcriptional inputs with repressive interactions that
establish firm borders between adjacent tissues, such as non-neural
ectoderm, ectodermal placode, presumptive neural crest and future
neural plate territories. Although these regulatory principles are
shared among all developing neural crest cells, it is important to
keep in mind that the neural crest is not a homogenous population
and that differences in GRN structure underlie the regional
properties observed in cranial, vagal, trunk and sacral neural crest.
Thus, comparative gene regulatory analysis will be crucial to
uncover the molecular mechanisms that are responsible for the
differences in potential and behavior observed between neural crest
subpopulations at different axial levels.
Our current view of this GRN is summarized in the BioTapestry
visualization in Fig. 8, which focuses on the cranial neural crest.
This is, by definition, overly simplified since many inputs have yet
to be placed within the network and there are important differences
between organisms that have been largely collapsed here into a pan-
vertebrate model. Furthermore, although we have emphasized the
role of transcription factors in the GRN, these regulators often
function in large complexes in concert with epigenetic modifiers
and non-coding RNAs including lncRNAs and microRNAs. Future
experiments will need to further refine this GRN and focus on
identifying direct interactions therein, as best accomplished by
detailed cis-regulatory analysis. New technologies for identifying
neural crest enhancers and performing genome editing will greatly
facilitate elaboration of the neural crest GRN. This, in turn, will
facilitate expansion of this network to other axial levels and provide
increasingly detailed resolution of the events that underlie the
formation of this fascinating cell type – the neural crest.
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Théveneau, E., Duband, J.-L. and Altabef, M. (2007). Ets-1 confers cranial
features on neural crest delamination. PLoS ONE 2, e1142.
256
REVIEW Development (2015) 142, 242-257 doi:10.1242/dev.105445
D
E
V
E
LO
P
M
E
N
T
Theveneau, E., Marchant, L., Kuriyama, S., Gull, M., Moepps, B., Parsons, M.
and Mayor, R. (2010). Collective chemotaxis requires contact-dependent cell
polarity. Dev. Cell 19, 39-53.
Tsuda, M., Takahashi, S., Takahashi, Y. and Asahara, H. (2003). Transcriptional
co-activators CREB-binding protein and p300 regulate chondrocyte-specific gene
expression via association with Sox9. J. Biol. Chem. 278, 27224-27229.
Vallin, J., Girault, J.-M., Thiery, J. P. andBroders, F. (1998). Xenopus cadherin-11
is expressed in different populations of migrating neural crest cells.Mech. Dev. 75,
171-174.
Vallin, J., Thuret, R., Giacomello, E., Faraldo, M. M., Thiery, J. P. and Broders, F.
(2001). Cloning and characterization of three Xenopus slug promoters
reveal direct regulation by Lef/beta-catenin signaling. J. Biol. Chem. 276,
30350-30358.
Verastegui, C., Bille, K., Ortonne, J.-P. and Ballotti, R. (2000). Regulation of the
microphthalmia-associated transcription factor gene by the Waardenburg
syndrome type 4 gene, SOX10. J. Biol. Chem. 275, 30757-30760.
Wahlbuhl, M., Reiprich, S., Vogl, M. R., Bosl, M. R. and Wegner, M. (2012).
Transcription factor Sox10 orchestrates activity of a neural crest-specific enhancer
in the vicinity of its gene. Nucleic Acids Res. 40, 88-101.
Wakamatsu, Y., Endo, Y., Osumi, N. and Weston, J. A. (2004). Multiple roles of
Sox2, an HMG-box transcription factor in avian neural crest development. Dev.
Dyn. 229, 74-86.
Wang, J., Kumar, R. M., Biggs, V. J., Lee, H., Chen, Y., Kagey,M. H., Young, R. A.
and Abate-Shen, C. (2011a). The Msx1 homeoprotein recruits polycomb to the
nuclear periphery during development. Dev. Cell 21, 575-588.
Wang, W. D., Melville, D. B., Montero-Balaguer, M., Hatzopoulos, A. K. and
Knapik, E.W. (2011b). Tfap2a and Foxd3 regulate early steps in the development
of the neural crest progenitor population. Dev. Biol. 360, 173-185.
Watanabe, A., Takeda, K., Ploplis, B. and Tachibana, M. (1998). Epistatic
relationship betweenWaardenburg syndrome genesMITF and PAX3.Nat. Genet.
18, 283-286.
Werner, T., Hammer, A., Wahlbuhl, M., Bosl, M. R. and Wegner, M. (2007).
Multiple conserved regulatory elements with overlapping functions determine
Sox10 expression in mouse embryogenesis. Nucleic Acids Res. 35, 6526-6538.
Wilkie, A. O. M. and Morriss-Kay, G. M. (2001). Genetics of craniofacial
development and malformation. Nat. Rev. Genet. 2, 458-468.
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